Modeling of OH*, CH* and CO 2 * chemiluminescence, using recently validated reaction mechanisms, is used to examine chemiluminescence sensing of heat release and equivalence ratio in lean, premixed methane and syngas (H 2 /CO) flames. The effect of pressure, reactant preheat, aerodynamic strain, fuel-air ratio and product recirculation on spatially integrated chemiluminescence signals are considered. In the syngas mixture studied (equal molar amounts of H 2 and CO), heat release rate measurements with either OH* or CO 2 * chemiluminescence are predicted to exhibit significant sensitivity to equivalence ratio ( ), pressure, reactant temperature and (to a lesser extent) aerodynamic strain. At high pressures, the chemiluminescence is practically independent of strain rate. Mixing of hot products and reactants before burning (e.g., EGR) also has little impact. OH* chemiluminescence is found to have some advantages for heat release sensing in turbulent premixed flames at near stoichiometric conditions. It has a lower strain dependence and is less sensitive to variations than CO 2 * for near stoichiometric mixtures. For leaner conditions, heat release measurements employing CO 2 * may be advantageous, due to its lower dependence on , pressure and preheat temperature. The ratio of CO 2 * to OH* chemiluminescence is not useful for equivalence ratio sensing with syngas fuels. For methane, OH*, CH* and CO 2 * can be used for heat release sensing, but all are also functions of , pressure and reactant preheat. OH* and CO 2 * chemiluminescence are not significantly influenced by adiabatic product recirculation, while OH* and CH* are relatively insensitive to strain. Overall, CH* may be preferable for heat release sensing applications at elevated pressures and reactant temperatures such as those found in gas turbine combustors. For equivalence ratio sensing in lean methane combustion, the ratio of CH* to OH* chemiluminescence is useful, However, this ratio is highly dependent on the operating pressure and reactant temperature. For example, the ratio
I. Introduction
ptical emissions from flames are widely used in combustion sensing and diagnostic applications. One source of flame emission is chemiluminescence, the electromagnetic radiation emitted from the de-excitation of electronically excited species that are formed via chemical reactions in the combustion reaction zone. Thus chemiluminescence can provide information about conditions in the reaction zone, with CH*, OH*, C 2 * and CO 2 * responsible for much of the visible and ultraviolet chemiluminescence in typical hydrocarbon-air flames. 1 An early experimental study in propane and ethylene fueled combustors showed that ratios of emission intensities from 1 Graduate Research Assistant and AIAA Student Member. 2 Associate Professor and AIAA Associate Fellow. different species could be used to monitor fuel-air ratio. 2 Later investigations in various gaseous and liquid fuel systems have further strengthened this claim. [3] [4] [5] [6] Chemiluminescence imaging is also routinely employed to detect flame position, shape and structure in combustors. 7, 8 For combustion dynamics studies, chemiluminescence is often used as a measure of heat release fluctuations, both temporally and spatially. [9] [10] [11] [12] However, chemiluminescence signals have to be interpreted with caution owing to their line of sight nature. 13 Additionally, the interpretation of chemiluminescence signals to infer, for example, heat release rate or equivalence ratio has been based primarily on heuristic arguments or empirical data gathered under limited conditions. For chemiluminescence sensing to be applied in practical environments, it is necessary to understand the effects of parameters such as pressure, preheat temperature, strain, equivalence ratio, exhaust gas recirculation and fuel on chemiluminescence signals. While the effect of equivalence ratio on chemiluminescence has been investigated at atmospheric conditions, for example in the studies focused on equivalence ratio sensing, there has been less effort to examine the influence of pressure [14] [15] [16] [17] and strain 12, 16 on OH* CH* and C 2 * chemiluminescence, with the work limited primarily to methane flames with room temperature reactants. Since high pressure operation is often associated with preheated reactants, as in IC and gas turbine engines, an important aspect of realistic combustors has been neglected.
Chemiluminescence modeling provides an alternate and more flexible approach for understanding chemiluminescence and its dependence on various operating conditions. For example, a few studies have employed this approach to investigate the relationship between chemiluminescence and various flame properties in methane flames. 18, 19 However, the accuracy of chemiluminescence simulations depends in part on the reliability of the kinetic mechanisms describing the excited state species, i.e., the reactions and rate constants for the formation and removal of the excited states. Additionally, it requires a reliable detailed chemical kinetic mechanism for the fueloxidizer system to accurately model the concentrations of the chemiluminescence precursor and quencher species. A number of studies have attempted to validate various OH*, CH* or C 2 * chemiluminescence models through comparisons to experimental data, predominantly in methane systems. [20] [21] [22] [23] More recently, detailed examinations of proposed OH* and CO 2 * chemiluminescence mechanisms were used to identify the most reliable models for H 2 /CO (syngas) and methane combustion. 22, 23 These studies compared the model predictions to experimental data for ranges of equivalence ratio, syngas fuel composition, reactant preheat temperature and CO 2 dilution at atmospheric pressure. A similar approach employing methane and Jet-A flames was used to identify a reliable model for CH* chemiluminescence. 23, 24 The goal of the current study is to examine the dependence of OH*, CO 2 * and CH* chemiluminescence on different operating conditions such as pressure, preheat, aerodynamic strain rate and reactant-product mixing (e.g., exhaust gas recirculation) for premixed combustion of methane and syngas fuels. These fuels were chosen as their combustion chemistry is well known and are highly relevant to many existing and planned ground power combustion systems, such as gas turbines. OH*, CH* and CO 2 * were chosen as they occur in almost all hydrocarbon flames and because of the availability of validated mechanisms for their formation and removal. In addition, we examine the ability of flame chemiluminescence to be used for sensing important combustion parameters, specifically heat release rate and reaction zone equivalence ratio. The contribution of CO 2 * background to nominal OH* and CH* signals for studies using coarse spectral resolution (e.g., photomultipliers with narrow band filters) is also considered. Additionally, the contribution of thermally produced OH* to the overall OH* signal and its importance in high pressure methane combustion is discussed.
II. Chemiluminescence Modeling
Detailed chemical kinetic calculations were performed using CHEMKIN TM , 25 PREMIX 26 (for 1D, adiabatic and zero strain flames) and OPPDIFF 27 (for adiabatic, opposed and strained premixed flames). For simulating product recirculation, a reactor network was employed that combined a chemical equilibrium solver, a non-reacting gas mixer and PREMIX. Equilibrium products at a given equivalence ratio are mixed with a known mass of fresh reactants; then laminar flame calculations are carried out with the resulting mixture. GRI Mech 3.0 28 was used for both syngas and methane fuels. Multi-component and thermal diffusion were included. OH*, CH* and CO 2 * intensities were evaluated from the results of the detailed chemistry simulations using post-processing algorithms. In flames, electronically excited species in general have low concentrations due to their low production rates and their rapid removal by collisional quenching. They therefore often have little impact on the overall flame chemistry. For these reasons, an excited species can often be assumed to be in quasi-steady state, with the formation rate limiting the whole process. 29 , 30 In this case, the excited species concentration can be determined from the ratio of its formation and removal rates. Then the photon emission rate i c (mole photons cm -3 s 
where L is the integration length. Here, L is chosen such that it corresponds to a combustor residence time of 2-3 ms, which is characteristic of many practical combustors. The residence time is calculated with respect to the location in the flame where the heat release first reaches 1% of its peak value. 
III. Results and Discussion
The first part of the results examines the use of chemiluminescence signals for heat release rate sensing in methane and syngas flames. The second part covers equivalence ratio sensing based on chemiluminescence signal ratios. As part of the heat release studies, the CO 2 * background is estimated at the OH* and CH* detection wavelengths and its implications are discussed. Additionally, the relative contributions of thermal and chemical sources to OH* are discussed briefly.
A. Heat Release Sensing H 2 :CO=50:50 Syngas Mixture
A representative syngas mixture consisting of an equi-molar mixture of H 2 and CO is considered for this study. For H 2 and CO, the flame emission is primarily due to OH* and CO 2 * chemiluminescence in the ultraviolet and visible (UV-VIS) spectrum. For examining heat release sensing, it is convenient to normalize the emission intensities with the heat release rate per unit flame area, q (W cm -2 ), which is given by
where q (W cm -3 ) is the volumetric heat release rate at a point in the flame and L again is the integration length. For sensing heat release rate, one would ideally like this normalized chemiluminescence signal to be a constant, i.e., only a weak function of other flame conditions, such as equivalence ratio, pressure and preheat temperature. In the following, the calculated normalized chemiluminescence emission intensities were scaled by a single constant to make their values convenient for plotting.
Effect of Pressure and Reactant Preheat
Results for normalized OH* chemiluminescence signals are shown in Figure 1 (a) as a function of equivalence ratio (limited to lean operation) for different pressures and preheat conditions, with the range representative of gas turbine conditions. It has to be reiterated that the numerically computed chemiluminescence signals are representative of a residence time of 2-3 ms in the flame zone, similar to that of many practical gas turbine combustors. It is clear that the normalized OH* signal is a strong function of equivalence ratio ( ), with as much as a five times increase from =0.5 to 1 at lower pressures and almost a factor of 70 increase at 15 atm. At higher pressures, the equivalence ratio dependence changes abruptly at ~0.7. The reason for this rapid increase could be attributed to the rapid increase in the formation rate as compared to the quenching rate of the excited species. The quenching rate does not significantly change across the equivalence ratio considered while the formation rate increases many fold in this range. However, the flame thickness also decreases with equivalence ratio, which affects the integrated chemilumincescence intensity (I c ). Therefore, it is the complex interplay between flame thickness, OH* formation and OH* quenching that decides the magnitude of the signal. The normalized OH* chemiluminescence is seen to generally decrease with pressure for lean mixtures, except at near stoichiometric conditions. The effect of preheat on the normalized OH* signal is more uniform in that it causes an overall increase in the OH* signal throughout the equivalence ratio range. This implies that the OH* production rate, relative to the heat release, is greatly enhanced at high temperatures. The normalized CO 2 * signal, Figure 1 (b), also depends strongly on equivalence ratio but usually to a lesser degree compared to OH* chemiluminescence. It increases across the =0.5-1 range by about 3.5 times at lower pressures and by ~30 times at 15 atm. However, most of this change occurs for >0.7, for all the pressure and temperatures considered. Thus for very lean syngas mixtures, CO 2 * chemiluminescence has some advantage for heat release rate sensing compared to OH* chemiluminescence, as minor variations in equivalence ratio and preheat temperature would cause smaller changes in the chemiluminescence signal. For example, a ±5% variation of equivalence ratio at =0.6 at 15 atm and 698 K, would produce a ±18% change in the CO 2 * signal per unit heat release. The same change would produce nearly twice the change (± 30%) in the OH* signal per unit heat release. The rapid increase in I CO2* /q for higher equivalence ratios is attributed to the rapid increase in the formation rate of CO 2 * caused by the rapid rise in temperature and [O] . It also results from significant amounts of CO 2 * produced downstream of the primary reaction zone in the hot products (again when temperature and [O] are high). This would be even more important in combustors with longer residence times. In syngas flames, this also occurs for OH*, since OH* is primarily formed via the recombination of H and O atoms, which also exist in the hot product gases. However, the contribution from the post-flame zone is not as significant as for CO 2 *. The pressure dependence of the normalized CO 2 * signal is also different. Only at very lean equivalence ratios does the normalized CO 2 * signal consistently decrease with pressure as observed for OH*. Otherwise there appears to be a non-monotonic pressure effect; an increase in pressure from 1-5 atm reduces I CO2* /q, while a further increase to 15 atm produces a significant rise in the normalized signal. At a given pressure, however, the CO 2 * signal per unit heat release responds like the OH* signal to a rise in reactant temperature; it increases throughout the equivalence ratio range.
Effect of Aerodynamic Strain Rate
The analysis above is based on simulations of unstrained laminar flames. Practical combustors, on the other hand, rely on turbulent flames to produce high volumetric efficiencies. One characteristic of turbulent flames is the aerodynamic strain produced. Aerodynamic strain affects the diffusion rates of species and temperature, and modifies the residence times of the various species in the flame front, which indirectly has an effect on the reaction kinetics. Therefore, it is useful to examine the effects of aerodynamic strain rate on flame chemiluminescence. A framework for numerical modeling of chemiluminescence in opposed flow, laminar strained flames has been previously demonstrated. 29 This approach is employed here, with the OH* and CO 2 * signals again normalized by the heat release rate per unit flame area. However, in this case, the volumetric heat release rate (q') profile is integrated up to the stagnation plane. Results for OH* and CO 2 * chemiluminescence with varying strain rate, at different pressure and preheat conditions, are given in Figure 2 . The equivalence ratio of the mixture is fixed at 0.7. The zero strain solution corresponds to that of the one-dimensional laminar premixed flame. The CO 2 * signal per unit heat release continuously decreases with strain for the atmospheric pressure cases. However for the higher pressure case, the CO 2 * signal is essentially independent of strain, except for an initial drop from the zero strain solution. This drop may be due to the difference in the calculation approaches for the zero strain and strained flames rather than being indicative of a strain effect. Preheat does not seem to effect the behavior of the normalized CO 2 * signal with strain (other than to increase I CO2* /q as noted previously). Since q decreases with strain, the results show that the CO 2 * signal decreases faster than q with strain. The normalized OH* signal (Figure 2 ) also decreases continuously with strain, except for the ambient temperature and pressure case. I OH* /q is less sensitive to strain, decreasing by 11% at most for the conditions examined, whereas I CO2* /q changes by 30%. Thus the results also suggest that the chemiluminescence ratio I CO2* / I OH* will also decreases with strain.
Summarizing the findings up to this point, OH* chemiluminescence can be identified as a better heat release marker for turbulent premixed syngas flames at near stoichiometric conditions. It has a lower strain dependence and is less sensitive to equivalence ratio variations for these conditions. For leaner conditions, heat release measurements employing CO 2 * may be advantageous, due to the lower dependence on changes in and preheat temperature, even though the strain dependence is somewhat greater.
Effect of Reactant Product Mixing
The influence of hot products mixing with reactants before combustion occurs is another aspect of practical combustors that needs to be considered. Exhaust gas recirculation (EGR) is a popular strategy for NOx control in many practical combustion devices. [38] [39] [40] In addition, reactant-product mixing can also occur as part of the stabilization processes in combustors. For example in gas turbine combustors, the swirl stabilization produces zones in the combustor where product recirculation occurs. Therefore, we examine the effect of product recirculation on flame chemiluminescence. The fraction of product gas in the reactants is commonly quantified by an EGR ratio, specifically the mass ratio of recycled gases to the total mass of the mixture.
Adiabatic product recirculation (also called hot EGR) was examined for a syngas equivalence ratio of 0.7, and for EGR ratios of 5, 11 and 20%, and a range of pressures and preheat conditions. Note, the final product temperature is independent of EGR since adiabatic product recirculation is simulated. Results are shown for the normalized OH* and CO 2 * chemiluminescence in Figure 3 . Neither I OH* /q nor I CO2* /q is appreciably affected by product recirculation. The normalized OH* signal does increase somewhat with recirculation (by ~10%) at atmospheric pressure. For example at 11% EGR, I OH* /q increases by about 6% at 298 K and 9% at 498 K compared to the 0% EGR case. The effect at higher pressure is even smaller, I OH* /q is practically constant at 5 atm. The CO 2 * signal (I CO2* /q) varies only slightly (a few percent), increasing at 1 atm and decreasing at 5 atm. Reactant preheating does not change this result. In summary, product recirculation does not appear to significantly impact the ability of OH* or CO 2 * chemiluminescence to provide measurements of heat release in syngas fuels. The results also suggest that product recirculation would have little effect on the ratio I CO2* / I OH* .
Methane
In methane-air premixed flames, there are three chemiluminescence emitters in the UV-VIS: OH*, CH* and CO 2 *. However in practical combustors, the CO 2 * signal can be corrupted with emissions from other molecules, such as HCO, and interferences from blackbody radiation sources, e.g., soot and combustor walls.
Effect of Pressure and Reactant Preheat
Results for OH* chemiluminescence are presented in Figure 4 . As in the syngas case, the normalized OH* signal is a strong function of equivalence ratio. I OH* /q increases by six times at atmospheric pressure for 0.6< <1. At high pressure (15 atm), the dependence is even greater, with an increase of 20 times for the same range. Pressure in general, decreases the normalized OH* signal over the entire range. However, this decrease is more pronounced for leaner mixtures. This effect has also been observed in an earlier experimental study. 15 At a given equivalence ratio and pressure, preheating also increases the normalized OH* signal, and again the increase is more pronounced for leaner conditions. Overall, the variation with pressure over typical operating conditions is more significant than the preheating effect.
These results can be explained by examining the OH* formation and destruction rates. OH* is formed from reactions R1 and R3 (shown in Table 1 ). R3 is relevant in the reaction zone where CH is found, whereas R1 occurs in both the primary reaction zone and in the product gases where O and H atoms are still found. Moreover, R1 is more pressure dependent. R3 dominates the overall formation in low pressure environments, responsible for almost 90% of the OH* signal at atmospheric pressure. However at 15 atm, R1 contributes roughly 50% of the total OH* production. As R3 primarily occurs in the primary reaction zone, the integrated OH* signal decreases as the pressure increases and the flame thickness decreases, even though the formation rate increases manyfold. This, compounded with the increased q at elevated pressures, results in a lower normalized OH* signal. It should also be noted that at elevated pressures, dissociation is inhibited. This and lower temperatures for leaner equivalence ratios reduces mole fractions of the radicals (CH, O and H) necessary for OH* formation.
The dependence of OH* chemiluminescence-based heat release sensing to equivalence ratio fluctuations can be determined from Figure 4 . In general, there is less dependence at near stoichiometric conditions. For example at 15 atm, a ±5% equivalence ratio fluctuation around a mean value of =0.9 would cause a ±20% change in the sensitivity of chemiluminescence to heat release rate. The same ±5% fluctuation at =0.55, would cause a larger (±30%) change. Similarly for reactant preheat and pressure fluctuations, the relation between OH* chemiluminescence and heat release shows less variation at near stoichiometric conditions. For example at 5 atm and a 200 K preheat change, I OH* /q increases by 35% at =1.0 whereas it increases by twice that (70%) at =0.7.
The results for CH* chemiluminescence are shown in Figure 5 . The normalized CH* signal increases by as much as 15 times at atmospheric conditions but only by four times at 15 atm for 0.6< <1. Thus in contrast to OH* chemiluminescence, the equivalence ratio dependence is reduced for CH* at high pressure. Like OH*, reactant reheating increases I CH* /q, by 1.5 times at atmospheric pressure, uniformly throughout the equivalence ratio range. However at 5 atm, a 200 K preheat enhances I CH* /q more for leaner mixtures. Also for a given temperature and equivalence ratio, pressure decreases I CH* /q, with the decrease more pronounced near =1.0. For example raising the pressure from 5 to 15 atm results in a drop in I CH* /q of 43% at =1.0, but only 20% at =0.6. Similar trends were observed in an earlier experimental effort. 16 To compare CH* to OH* for heat release sensing, we examine the dependence of I CH* /q to fluctuations in equivalence ratio and reactant temperature. For equivalence ratio oscillations at 15 atm, a ±5% change in equivalence ratio produces a ±15% change in I CH* /q. However at 15 atm, similar fractional changes in equivalence ratio would produce a ±20% fluctuation at =0.9 and a ±30% change at =0.55, in OH* signal. This suggests that CH* is better suited for high pressure applications of heat release sensing compared to OH*. In addition, preheating has a weaker effect on I CH* /q compared to I OH* /q. CO 2 * results are given in Figure 6 . The normalized CO 2 * signal also increases with equivalence ratio, with a dramatic increase at elevated pressure and preheat conditions. As before, preheating also increases I CO 2 * /q, but the increase is more pronounced at near stoichiometric and high pressure conditions. The normalized CO 2 * signal also decreases when the pressure is increased from 1 to 5 atm, e.g., 28% at =1.0 and 60% at =0.6. At higher pressures (15 atm), the signal initially decreases for 0.5< <0.8 and then increases drastically to =1.0. This increase in the CO 2 * background at high pressures in laminar premixed methane-air flames has been observed experimentally. 14 CO 2 * intensity is directly proportional to the product of CO and O, therefore the CO 2 * profile peaks in the reaction zone, but recombination of CO and O in the product gases continues to produce CO 2 * in post-flame region. The contribution of the post-flame CO 2 * increases dramatically near stoichiometric conditions, to the extent that it can contribute at least half the total signal if the product gases are given sufficient residence time. Since the post-flame region has negligible heat release, I CO 2 * /q increases. At lower equivalence ratios, the cooler post-flame gases produce little CO 2 * (in addition, the reaction zone CO 2 * also decreases due to lower [O] concentrations). So like OH*, but unlike CH*, the CO 2 * chemiluminescence can strongly depend on combustor residence time -or at least the residence time covered by the detection optics.
At atmospheric pressure, CO 2 * heat release sensing shows the least sensitivity to equivalence ratio fluctuations. For example, a 5% change in produces a ±17% and ±10% change in I CO 2 * /q at =0.9 and 0.6, respectively. However at elevated pressure, I CO 2 * /q is very sensitive to equivalence ratio fluctuations near stoichiometric conditions. At 15 atm, a 5% change in results in a I CO 2 * /q change of ±40% ( =0.9) and ±20% ( =0.6). So at high pressures, CO 2 * is suitable as a heat release marker only under very lean equivalence ratios ( <0.65). Preheating at atmospheric pressure increases I CO 2 * /q uniformly by ~28%, but at 5 atm, with the same 200 K increase, the I CO 2 * /q rises by 65% at =1.0 and 35% at =0.6. So for <0.65, both pressure and temperature fluctuations would have a reduced impact on heat release sensing with CO 2 * chemiluminescence.
Effect of Aerodynamic Strain Rate
Results are shown for the normalized OH* and CH* signals in Figure 7 for an equivalence ratio of 0.7. I CH* /q is somewhat more dependent on strain at atmospheric conditions than I OH* /q. Reactant preheating makes both signals less dependent on strain. For the high pressure case, both signals are practically independent of strain. This may be because both preheat and pressure result in thinner flames, which require higher strain rates to influence the reaction zone. Similar trends were observed for calculations for an equivalence ratio of 1.0. CO 2 * results, though not shown here, show interesting trends. The normalized CO 2 * signal decreases with strain rate for all conditions. This is because as strain rate increases, the residence time decreases, which reduces the CO 2 * signal. As discussed earlier, this residence time effect is more prominent in near stoichiometric flames. So under stoichiometric conditions, the normalized CO 2 * signal decreases by as much as 50% compared to the unstrained case, even at high pressure. Thus CO 2 * should be avoided for heat release sensing in strained flames except at very lean equivalence ratios. 
Effect of Reactant Product Mixing
Results for OH* and CH* with adiabatic product recirculation are shown in Figure 8 at an equivalence ratio of 0.7. As in the syngas case, the normalized OH* signal is practically unaffected by product recirculation at the pressure and preheat conditions studied here. CO 2 * results, again not shown, closely resemble the OH* data. On the other hand, the normalized CH* signal is significantly affected by product recirculation. It increases by as much as 50% for the 20% EGR case.. In these cases, q increases with EGR. This implies that I CH* increases faster than q.
B. Equivalence Ratio Sensing H 2 :CO=50:50 Syngas Mixture
As previously noted, chemiluminescence intensity ratios have been used to sense equivalence ratio in various combustion systems. In syngas flames, only ratio, i.e. CO 2 */OH* ratio can be measured. The computed emission ratios for our syngas mixture were scaled by a constant to match experimental data at atmospheric conditions in a previous study. 22, 23 The simulated chemiluminescence ratios obtained at different conditions are scaled by the same constant multiplier used in the baseline atmospheric case for meaningful comparison.
Pressure and Reactant Preheat
It was already observed in atmospheric studies that the CO 2 */OH* signal ratio is not very useful for equivalence ratio sensing except at very lean conditions. 23 The elevated pressure and temperature results are compared with the baseline atmospheric case. It can be seen from Figure 9 that the variation of I CO 2 * /I OH* with at elevated pressures and temperatures is not appreciably different from the baseline case. Experimental data from a previous work at atmospheric conditions are also shown for convenience. 23 Pressure increases the magnitude of I CO 2 * /I OH* throughout the equivalence ratio range, as suggested by the data shown in Figure 1 . Similarly, preheating at a given pressure causes a decrease in the ratio. This may be due to the greater temperature dependence of OH* formation compared to the CO 2 *. Nevertheless, I CO 2 * /I OH* would make a poor choice for sensing equivalence ratio in the range of pressures and temperatures considered.
Methane
In methane premixed flames, I CH* /I OH* has been shown to be a promising candidate for sensing equivalence ratio at various pressures. 16 I CO 2 * /I OH* was also investigated at atmospheric conditions, and it was found to be non-monotonic and only weakly sensitive to . 23 So, it is not considered further here. Again, the computed I CH* /I OH* values were scaled by a constant to match experimental data acquired in a swirl combustor, at atmospheric conditions, in an earlier study. 23 The simulated chemiluminescence ratios obtained at different conditions are scaled by the same constant multiplier used for matching the modeling results with the baseline atmospheric experimental results, for meaningful comparison.
Pressure and Reactant Preheat
The CH* to OH* chemiluminescence ratio results are shown in Figure 10 . At atmospheric pressure, I CH* /I OH* monotonically increases as expected. At 5 atm, there is little change in I CH* /I OH* with equivalence ratio, except for very lean conditions, i.e., <0.65. This suggests that I CH* /I OH* cannot be used for sensing equivalence ratio in some conditions. At even higher pressures (15 atm), I CH* /I OH* again varies significantly with , now decreasing monotonically. At a given equivalence ratio, pressure generally increases the magnitude of the ratio. So, I CH* /I OH* can be used for sensing equivalence ratio only at certain conditions, and the changing relationship between I CH* /I OH* and with pressure must be taken into account. Such trends are already reported experimentally and the effect of pressure and equivalence ratio on CH* to OH* ratio have been systematically investigated at room temperature conditions. 16 
Effect of Aerodynamic Strain Rate
Results for I CH* /I OH* variations with strain rate are given in Figure 11 at =0.7 and 1. It was noted above that CH* chemiluminescence is more dependent on strain than OH*. This is clearly evident here, where CH*/OH* ratio increases with strain rate. For a given strain rate, the increase in I CH* /I OH* is almost the same for both equivalence ratios considered, except at high pressure. The maximum increase of 13% occurs at ambient pressure conditions, while for the higher pressure and preheat case, the I CH* /I OH* ratio increases by 1% for the lean case and increases by about 10% for the stoichiometric case. However, with I CH* /I OH* varying by only 10% over a wide range of strain rates, it can be concluded that I CH* /I OH* is not very sensitive to strain rate. This is supported by the agreement between results in laminar and turbulent combustors at atmospheric conditions. 4 
Effect of Reactant Product Mixing
Results for I CH* /I OH* variations with product recirculation are shown in Figure 12 for two equivalence ratios: =0.7 and 1. It was seen in an earlier section that the CH* signal increases with product recirculation while OH* signal is practically unaffected by it. So as expected, I CH* /I OH* increases with product recirculation. For =0.7 and 20% EGR, I CH* /I OH* increases by 27% at 5 atm and 498 K, while at 1 atm and for both 298 and 498 K reactant temperatures, the ratio increases more. Similar results are observed for the stoichiometric case. However, for lower levels of product mixing (EGR<5%), the effect on I CH* /I OH* is negligible.
C. Other Considerations Thermal Excitation
In addition to chemical formation of the excited states, thermal excitation can also occur. Thermal OH* shall be considered as an example, and the contribution of thermal OH* emission to the total signal is examined. Similar analysis can be performed for CH*. The contribution of OH* emission due to thermally excited ground state OH molecules will increase with temperature. The procedure for calculating the upper estimate of thermal OH* based on equilibrium calculations is outlined elsewhere. 22 This methodology along with the assumption that the formation reactions are accurate in predicting the absolute concentrations of OH* is used to estimate thermal OH* in methane flames. Results for thermal OH* as a fraction of the total OH* for premixed methane flames are presented in Table  2 . It can be clearly seen that thermal OH* is a function of residence time and the equivalence ratio of the combustor (as thermal OH* is formed primarily in the hottest regions). However, the thermal contribution to the total OH* signal also rises significantly with pressure. (As described in a previous section, the chemical formation of OH* decreases at high pressures). Hence in high pressure combustors, especially combustors with long residence times and near stoichiometric conditions, the OH* emission has to be treated carefully. 
CO 2 Background
Most of the time flame chemiluminescence is acquired using interference filters and detectors such as photomultiplier tubes, photodiodes or CCD cameras. The interference filters usually have a bandpass of ±5-10 nm about the center wavelength. It is also well known that CO 2 * background is present in the 200-600 nm region. 29, 37 Thus, it underlies the other (OH* and CH*) emission signals. So unless a spectrometer or additional detector is used to monitor the CO 2 * background, it can not be removed from the total signal. Thus it is interesting to estimate the contribution of the CO 2 * background to the total signal at OH* and CH* wavelengths. Resolved flame spectra are available for swirl-stabilized methane flames at atmospheric conditions, 23 which can be reanalyzed to study the CO 2 * background. The OH * signal, S OH* , was found by integrating the (0,0) band over a 5 nm bandwidth centered at the OH * peak (~309 nm). The CH * signal, S CH* , was found by integrating the 430 nm CH band over a bandwidth of 5 nm. The CO 2 * background over the same 5 nm bandwidth at OH* and CH* bandheads was approximated by the means of a cubic polynomial. The area under this polynomial was taken as the estimate for the CO 2 * background. Results for methane are shown in Figure 13 . It can be clearly seen that CO 2 * background affects the CH* signal more than the OH* signal. For example at =0.8, only 30% of the total signal at the CH* wavelength is from CH* chemiluminescence, while OH* chemiluminescence makes up 80% of its total signal. Moreover, the CO 2 * background has a weaker equivalence ratio dependence for the OH* signal than for the CH* signal. So, CH* and OH* signals should be interpreted by accounting for the CO 2 * background contribution.
IV. Conclusions
The effects of important combustor parameters on flame chemiluminescence have been systematically investigated in a representative syngas fuel (H 2 : CO=50:50) and methane. OH* and CO 2 * are the principal emitters in syngas flames, while in lean methane flames, CH* also plays an important role. Flame chemiluminescence from OH*, CH* and CO 2 * were modeled using well validated reaction mechanisms describing the formation and destruction rates for the chemiluminescence species along with GRI Mech 3.0. For investigating heat release sensing, the chemiluminescence signals were normalized with spatially integrated, heat release rate per unit flame area. In the syngas mixture, pressure decreases the normalized OH* chemiluminescence, with a larger impact for leaner equivalence ratios. This is primarily due to the fact that pressure inhibits dissociation, and the lower temperatures at very lean conditions deprive the radical precursors such as O, H, thereby affecting the OH* formation. However, the pressure effect on CO 2 * is non-uniform and non-monotonic. For leaner mixtures, the normalized CO 2 * signal decreases with pressure. On the other hand, it increases quite rapidly at near stoichiometric conditions. Both the normalized signals vary significantly with equivalence ratio, which implies that none of them are ideal for heat release sensing. Reactant preheating increases the magnitude of the signals throughout the equivalence ratio range. Aerodynamic strain rate tends to have a decreasing effect on both the signals, with the CO 2 * signal more sensitive to strain rate than OH*. The normalized OH* signal decreased by 11% for most of the cases, whereas normalized CO 2 * changed by 30%. However, the strain sensitivity decreases greatly at higher pressures. The simulated results indicate that product recirculation does not have any significant effect on either OH* or CO 2 * chemiluminescence signals. With respect to heat release rate sensing in syngas fuels, CO 2 * appears to be a better option at very lean equivalence ratio conditions ( < 0.7), as it has the least sensitivity to equivalence ratio, pressure and temperature changes. Even strain rate and product recirculation would not affect CO 2 *. The chemiluminescence intensity ratio CO 2 */OH* was also investigated for equivalence ratio sensing applications in syngas combustion. The CO 2 */OH* ratio is a strong function of pressure, increasing monotonically. Reactant preheating tends to decrease the ratio for all lean mixtures, but with less impact than pressure. However, the ratio remains essentially constant for 0.7< <1.0, limiting its usefulness for equivalence ratio sensing. The ratio does monotonically increases for very lean conditions ( <0.7) consistently over a wide range of pressure and preheat conditions. For combustors that operate under such lean conditions, the CO 2 */OH* ratio can potentially be used for sensing equivalence ratios in syngas combustion.
In methane flames, pressure has a very strong effect on the normalized OH* signal; it decreases with pressure, with the decrease more pronounced for leaner mixtures. Pressure also decreases the normalized CH* signal, but more for near stoichiometric conditions. For the normalized OH* signal, reactant preheating significantly affects leaner mixtures. Both normalized OH* and CH* signals increase with strain rate, with the increase more significant in the case of CH* at atmospheric conditions. However, both pressure and preheat tend to decrease the sensitivity to strain rate. The normalized CO 2 * signal decreases with strain rate for all pressure and preheat conditions and this decrease is more prominent at near stoichiometric conditions. This is because of the reduced residence time due to flame straining. So, CO 2 * should be avoided for heat release sensing in strained flames except at very lean equivalence ratios. Product recirculation has practically no effect on the normalized OH*and CO 2 * signals, under the pressure and preheat conditions studied. However, the normalized CH* is affected and increases by as much as 50% for a 20% EGR at an equivalence ratio of 0.7. Compared to OH* and CO 2 *, CH* would be more advantageous to use as a heat release marker at high pressure and high temperature conditions as it has the least sensitivity to fluctuations in equivalence ratio, pressure, preheat and strain rate. However, CH* data should be interpreted with caution in systems with large product recirculation. The intensity ratio CH*/OH* ratio was investigated for equivalence ratio applications. Pressure has a strong increasing effect on the CH*/OH* ratio, while the effect of preheat is not systematic. At atmospheric conditions, the ratio tends to monotonically increase with equivalence ratio, while at high pressures, the ratio monotonically decreases with pressure. However, at intermediate pressures the ratio tends to saturate and it changes very little across the equivalence ratio range. So, CH*/OH* ratio can be used for equivalence ratio sensing only at certain conditions in methane combustion.
The contribution of thermally produced OH* to the overall OH* signal was also calculated based on equilibrium conditions for methane systems. It was found that thermal pathway is not very significant at atmospheric and intermediate pressures, but it becomes increasingly important at high pressure systems. For example at 15 atm, the contribution of thermally produced OH* to the total signal could be as much as 30% for stoichiometric methane combustion with short residence times. The thermal pathway being strongly encouraged by high temperatures, it rapidly increases as near stoichiometric conditions are approached. Additionally, it also increases with combustor residence time. Therefore, OH* signal should be carefully interpreted in high pressure systems with long residence times.
The contribution of CO 2 * background to the total signal at OH* and CH* wavelengths has been studied at atmospheric conditions for methane. It was observed that the CO 2 * background made up only a small fraction (~20%) of the total OH* signal, but can contribute ~70% of the nominal CH* signal. The CO 2 * background contribution for the OH* signal did not vary with equivalence ratio whereas it strongly varies for the CH* signal.
